This experiment was conducted to study methionine requirements in broiler breeder hens aged from 26-35 weeks. The treatments were consisted of six levels of methionine (0.2, 0.25, 0.3, 0.35, 0.4 and 0.45%), with five replicates of eight birds (Seven hens and one rooster). The results showed that different levels of methionine had no significant ( p＞0.05) effects on egg weight, unsettable (double yolk, small size) and settable eggs. The methionine levels significantly ( p＜0.05) changed egg production percentage, egg mass (g/h/d), egg content (g) and feed conversion ratio. Different levels of methionine did not affect on cell-mediated responses, newcastle and bursa diseases titer, and IgM ( p＞0.05), but total titer against sheep red blood cell (SRBC) and IgG responses were influenced (p＜ 0.05). Using of two-slope quadratic broken-line analysis indicated that methionine requirements for egg mass (g/h/d), feed conversion ratio, settable eggs, SRBC and IgG were 446, 450, 494, 580 and 492 (mg/d), respectively. In conclusion, methionine requirement for settable eggs was similar to those needed for the optimum immune responses. Since, settable eggs are an important factor in broiler breeder industries, so the authors recommend 494 mg/d methionine for broiler breeder hens. This amount is higher than those needed for egg mass and feed conversion ratio.
Introduction
In accord with NRC (1984) daily requirements of a broiler breeder hen for methionine, total sulfur amino acid (TSAA) and protein are 450 mg, 700 mg, and 22 g, respectively. Similar methionine requirement is recommended by NRC (1994), but protein was reduced to 19.5 g/d. However, there are some reasons for review of methionine requirements for broiler breeders. First, there were different reports about methionine requirements for broiler breeders For example Wilson and Harms (1984) suggested 400 mg/d and 750 mg/d methionine and TSAA requirements, respectively for breeders compared to previous recommendations of methionine between 400-478 mg/d and TSAA between 722-839 mg/d. In addition, recommended daily protein requirement was lower (20.6 g vs. 23.4 g) in compared with earlier studies. It was reported that 33-44 weeks old broiler breeders with 3.5 kg body weight and fed the diet containing 24.8 g/d protein showed the maximum egg mass production (50.3 g/d) with the consumption of 528 mg/d methionine and 960 mg/d TSAA (Cave et al., 1990) . Second, inconsistency in the amount of dietary cystine, because the actual methionine requirement needs to be determine with adequate dietary cystine. Third, recent improvement in cellular and humoral immune functions and resistance to infections in domestic animals has been noticed (Lessard et al., 1997) . Amino acids have been found to modulate immune functions. A sufficient metabolic supply of sulfur amino acids from diet and tissue protein breakdown is necessary for the synthesis of proteins and peptides implicated in normal functioning of the immune system (Grimble, 2006) . Fourth, previous studies in poultry have determined amino acids requirement based on purified and semi-purified diets (Boling and Firman., 1997; Knowles and Southern, 1998) but, there is limmited information on determination of methionine requirement in broiler breeder using a commercial pellet diet.
Therefore the aim of the present study was to re-evaluate methionine requirement based on performance and immune responses in broiler breeder hens when the level of cysteine was supplied sufficiently in the practically pellet form diets.
Materials and Methods

Birds
Two hundred ten hens and 30 roosters (Iranian commercial broiler breeder) at 25 wk of age with the average body weight of 2932±15 g were randomly allocated to the six dietary treatments with five replicates of eight birds (Seven females and one male). Hens were palpated for 21 successive days and those which did not lay were replaced. Each pen (1.2 m wide×2.1 m length) was equipped with a four-hole nest, a tube feeder, and an automatic waterer. The house was given artificial light (16 h light: 8 h dark) and was heated to maintain temperature of 24±1℃ throughout the study.
Diet
Six experimental diets containing different percentages of methionine (0.20, 0.25, 0.30, 0.35, 0.40 and 0.45) were fed over the course of the experiment (Table 1) . Diets had the similar levels of protein (14%), metabolizable energy (2,700 kcal/kg) and cystine (0.26%). Formulation of the diets was based on analyzed values of amino acids for corn, soybean meal, wheat grain, and wheat bran. The levels of the other amino acids were equal in all diets to ensure that methionine was the first-limiting amino acid in each diet. The diets were formulated to be comparable to those used in the commercial industry and were prepared in the pellet form. Hens received an average daily allocation of feed (161 g per hen) from 28-35 weeks (Table 2 ). Daily metabolizable energy intake was 435 kcal per hen that was agreed with Waldroup et al. (1976) . Water was supplied ad libitum. The experiment was conducted for 11 weeks including three weeks as a period of depletion, as suggested by Harms and Ivey (1992) and eight weeks for the diets evaluation. Hosseini et al.: Methionine Requirement 1 This premix supplied the following per kilogram of diet: 12,000 IU of vitamin A ; 3,500 IU of vitamin D3; 100 IU of vitamin E; 5 mg of vitamin K3; 3 mg of thiamin; 12 mg of riboflavin; 15 mg of pantothenic acid; 55 mg of niacin; 5 mg of pyridoxine; 2 mg of folic acid; 0.3 mg of biotin, and 1000 mg of coline, and also supplied 120 mg of manganese; 50 mg of iron; 10 mg of copper; 2 mg of iodine, 100 mg of zinc, and 0.3 mg of selenium. 2 Based on chemical analysis for corn, soybean meal, wheat and wheat bran.
All diets calculated to be isocaloric (2,700 kcal/kg). 
. 2Ingredients and analysis
Performance Responses
Feed intake, egg production, egg weight, double yolk egg, settable egg, small egg (＜51 g) were recorded daily on a replicate basis. Egg mass (EM) was calculated by multiplying of egg production (EP) with egg weight (EW). Feed conversion ratio (FCR) was calculated weekly. Settable eggs were consisting of total egg production minus small, double yolk and abnormal eggs. Egg content weight (EC) was calculated by multiplying of EP by (EW -shell weight). Every 12 days, weight and quality of chickens were measured and hatchability was calculated based on fertile eggs and chick grad.
Humoral Immune Response
Sheep red blood cell (SRBC) were washed and diluted in phosphate buffer saline (PBS) to 10% (vol /vol). Two hens per dietary replicate were injected with either three ml of 10% SRBC intravenously. Heparinized blood was collected by venipuncture seven day after injection with SRBC. Plasma was stored at −20℃ until further analysis. The hem agglutination assays were performed as described by Munns and Lamont (1991) for SRBC. Before analysis, complement was heat-inactivated at 56℃ for 30 min. Each well of a 96-well plate received 0. 025 ml of diluents buffer containing PBS. The initial well received 0.05 ml of plasma, which was serially diluted by transferring of 0.025 ml to the next well. Then, 0.025 ml of 2% SRBC was added to each well. The plates were shaken for 1 min and incubated at 37℃ for one hour. The agglutination titer was expressed as the log2 of the highest titer with 50% agglutination. Antibody titers were also determined after the treatment of samples with 0.2 M 2-mercaptoethanol (2-ME) for 30 min at 37℃, to inactivate IgM (Delhanty and Solmon, 1966) . Agglutination tests were performed and the titer was recorded as 2-ME resistant antibody. The reduction of the total titer due to 2-ME treatment was called 2-ME sensitive antibody (Van der Zijpp and Leenstra, 1980) . These antibodies, MER and MES, are presumed to be IgG and IgM, respectively (Boa-Amponsem et al., 2000) . Titers were expressed as log2 of the reciprocal of the last dilution in which agglutination was observed.
Cell-mediated Responses and Relative Asymmetry
At the age of 34 weeks, data were obtained on the length (0.1 mm) of the left and right wattle of each hen. Coetaneous basophile hypersensitivity (CBH) response elicited by an intradermal injection of a T-cell mitogen, provided an in vivo assay for cell-mediated immunity (Goto et al., 1978; Corrier and DeLoach, 1990; Aslam et al., 1998) . The assay involved an intradermal injection of hens in wattle with 100 μg of Phytohemaglutinin -p (PHA-P) in 0.10 ml of physiological saline solution. The left foot of hens was similarly injected with 0.10 ml of physiological saline solution to serve as controls. A single measurement of skin thickness (0.1 mm) was made just prior to and 24 h following the injection with PHA-P. The CBH response was calculated as CBH ＝ PHA-P response, right foot -saline response, left foot; Where PHA-P response ＝ (post injection skin thickness, right foot) − (pre injection skin thickness, right foot). Saline response ＝ (post injection skin thickness, left foot) − (pre injection skin thickness, left foot).
Measures of wattle skin thickness taken prior to injection and wattle were used to calculate relative asymmetry (RA), a measure of developmental stability as determined by deviations from bilateral symmetry in morphological traits (Yang et al., 1997) . The definition of RA was the absolute value of asymmetry of the left (L) minus right (R) divided by the value for the size of the bilateral trait:
Heterophils, Lymphocytes and White Blood Cell
At the age of 35 week, blood was taken from hens and was placed in tubes with EDTA as anticoagulant for heterophil and lymphocyte enumeration based on the procedures of Gross and Siegel (1983) . Briefly, two drops of blood were placed on a slide, spin prepared, and stained with MayGrunwald-Giemsa stain. All slides were coded, and heterophils, white blood cell (WBC) and lymphocytes were counted to a total of 60 cells per slide by the same individual. Heterophil: lymphocyte (H/L) ratios were measured.
Measurement of Antibody to NDV and Avian Bursa Disease
Antibody responses to Newcastle disease virus (NDV) and Bursa disease (BD) were measured by hem agglutination methods and ELISA by using the Borsal Disease Antibody Test Kit (ProFLOK ® PLUS, SYNBIOTICS CORPORATION, USA). Titers were obtained and calculated according to the supplier's recommendation.
Statistical Analysis
Analysis of variance was performed on all data using General linear Models (GLM) procedure of the SAS (SAS Institute, 2002). Significant treatment effects were separated by Duncan's multiple range tests. The requirements of total sulfur amino acid determined using broken line regression as described by Robbins et al. (2006) . The broken-line linear model was used to estimate amino acid requirements as follows:
The quadratic broken-line: y＝L＋U×(R−x) (R−x)＋V (x −R), where (R−x) is zero at values of x＞R and (X−R) is zero at levels of x＞R. 
Results
The results on the effect of methionine levels on broiler breeder hens' performance are shown in Table 3 . Different levels of methionine had significant effects ( p＜0.05) on EP, EM and FCR. Birds which received 402 mg/d methionine in their diet showed the highest EP and EM over the course of the experiment. However, with increasing methionine levels from 483 to 724 mg/d, EP and EM were significantly ( p＜ 0.05) decreased. Dietary methionine significantly ( p＜0.05) increased feed conversion ratio when it was behind 644 mg/d of the diet. The result of the present study revealed that different levels of methionine had no significant effects on EW, number of double yolk, small and settable eggs. The highest and lowest weight gains were observed in 724 and 322 mg/d methionine, respectively. The results indicated that hatchability of fertile eggs (%), chicks grade and chicks weight were not affected by dietary levels of methionine (Table 4) .
Broken line and nonlinear equation for different responses are summarized in Table 6 . The results indicated that methionine requirements for EM (g/h/d), FCR, settable eggs and EC were 446, 450, 494, and 554 mg/d, respectively (Figs. 1-4) . Furthermore, methionine requirements for EC and settable eggs were higher than that for EP (Table 6 ).
The results of the present study showed that dietary levels of methionine had different influence on SRBC and IgG ( p＜ 0.05). The highest and the lowest responses of SRBC and IgG to methionine's levels were observed in 563 and 322 mg/d of methionine, respectively (Table 5) . However, there were no significant differences in IgM, CBH, heterophil: lymphocyte ratios (H/L), WBC, antibody against NDV and BD in response to the different levels of methionine. Broken line regression analysis indicated that methionine requirements for SRBC and IgM were 580 and 492 mg/d, respectively (Figs. 5 and 6 ). These results showed that methionine requirements for immune responses were higher than those for performance.
Discussion
Methionine is categorized as nutritionally essential amino acid in the body and has a major role in growth and well being of the host. Cysteine also is classified as semi essential amino acid, because the body is capable of its production from methionine. In the present study, the effects of different levels of methionine on broiler breeder performance and humoral and cellular immune responses were investigated while the level of cysteine was consistent. As shown in Table 3 , increasing of methionine intake from 563 to 724 mg/d, profoundly reduced EP (10.26%), EM (4.67%) and Hosseini et al.: Methionine Requirement impaired FCR (10.84%). This reduction was probably due to the high level of methionine intake. Previous study on rats has shown that the consumption of a disproportionate amount of methionine impaired growth rate (Stekol and Szaran, 1962 ). The underlying mechanisms by which methionine exerts its effects are not well understood. However, three purposed mechanisms which can explain the methionine toxicity are: first, depletion of hepatic ATP in adenylating methionine to S-adenosylmethionine; second, depletion of methyl acceptors in the conversion of S-adenosylmethionine to S-adenosylhomocysteine (Hardwick et al., 1970) ; and third, metabolism of methyl groups via an alternate pathway not requiring formation of S-adenosylmethionine.
Methionine levels did not significantly affect EW, number of double yolk, small and settable eggs. Moreover, weight gain (g/d) was significantly increased (51%) by the enhancement of methionine intake from 322 to 724 mg/d which could be related to the reduction of EP. In broiler breeder hen the energy intake is used for maintenance, growth, and production. The metabolizable energy requirement for maintenance is defined as the needs of all body functions and moderate activity. These requirements are usually expressed on a metabolic body weight basis, which is defined as body weight raised to the 0.75 power (BW 0.75) (National Research Council, 1998). Moreover, the energy requirement for activities is about 50% of basal metabolism and is affected by raising conditions (Austic and Nesheim, 1990) . It has been reported that the energy content of each gram of egg in the broiler breeders is 1.54 kcal. Similarly, the efficiencies of metabolizable energy utilization for energy deposition in eggs is 64 percent (Sakomura, 2004) . In this way, the metabolizable energy requirements for egg production in broiler breeder is 2.40 kcal/g. The utilization of metabolizable energy intake above maintenance depends on the partition of energy into protein and lipid synthesis, and the respective efficiencies which can be estimated with a factorial approach, where the metabolizable energy intake is in function of protein and lipid deposition (Sakomura, 2004) . As shown in Table 3 tively. Since the metabolizable energy requirement for egg production is 2.4 kcal/g as described above, the reduction of 3.11 g/day egg mass produces excess energy (7.46 kcal/day), which would go toward body weight gain.
As shown in Table 4 , dietary methionine did not affect hatchability of fertile eggs (%), chicks grade and chicks weight. In accordance with the results of the present study and those reported by Bowmaker and Gous (1991) methionine requirement for EP was 342 and 355 mg/d, respectively. These amounts were near to the methionine level in the basal diet (322 mg/d), which could provide the minimum methionine requirement for reproductive performance.
Broken line analysis showed that methionine requirements for EM (g/h/d) and FCR were 446 and 450 mg/d, respectively which are similar to those recommended by NRC (1994) . Methionine requirements for settable eggs and EC were 494 and 554 mg/d, respectively. These values also were near to those reported by Cave et al. (1990) .
Increasing of methionine levels from 322 to 580 mg/d, in the diet improved SRBC and IgG responses. Mal-development of lymphoid organs due to the deficiency of methionine in the diet negatively influenced their normal function (Konashi et al., 2000; Carew et al., 2003) . In the present study, humoral immunity was evaluated by antibody responses against SRBC (IgG＋IgM), NDV and BD. The highest level of antibody against SRBC and IgG in treatments that received 483 and 563 mg/d methionine, suggested that these levels were beneficial to immune-competence, even though the antibody titer to NDV and BD were not affected. Antibody against SRBC was known as T-celldependent response. Methionine has an important role in the immune system through its metabolite, glutathione. Glutathione protect body from oxidative damage during the immune response, and support T-cell proliferation. It was found that there were no significant differences in the responses to SRBC when chickens fed different dietary levels of methionine with equal metabolisable energy and crude protein (Takahashi et al., 1993) . Previous studies demonstrated that the addition of methionine did not improve the antibody response in pigs (Van Heugten et al., 1994) and broiler chickens (Lin and Shih, 2000; Swain and Johri, 2000) , but the antibody titers against SRBC and NDV were enhanced when dietary methionine levels increased from 4.5 to 6 g/kg (Rama Rao et al., 2003; Panda et al., 2007) . In addition, dose-related increases in total antibody and IgG with methionine supplementation suggested that methionine is necessary for some components of the antibody response and probably required for thymus-derived (T) -cell helper function (Tsiagbe et al., 1987) . Cellular immunity which measured by heterophil to lymphocyte ratios, and CBH responses was not affected by dietary levels of methionine. The results were in agreement with the finding of Dabbert et al. (1996) that showed methionine did not change wing-web PHA response in adult quail or the Con A-induced proliferative response of thymus mononuclear cells (Takahashi et al., 1997) . In the contrary, cutaneous wing-web or wattle response to PHA in young broiler chickens were enhanced (Tsiagbe et al., 1987; Rama Rao et al., 2003) while heterophil to lymphocyte ratios was not affected by methionine levels (Rama Rao et al., 2003) . It seems that difference in wing-web or wattle response to PHA is due to the different growth stage and methionine utilization in young broiler chickens and adult broiler breeder hens.
Broken line regression analysis indicated that methionine requirements for SRBC and IgM were 580 and 492 mg/d, respectively. These results showed that methionine requirements for immune responses were higher than those for performance. Variation in the response of cells and tissue to methionine levels depends on the characteristics of key enzymes in the metabolic pathways. Grimble (2006) reported that the Km values for the homocysteine transferase enzymes (which lead to the recycling of methionine) are lower than those for cystathionine syntheses and cystathionine g-lyase (which process methionine toward metabolism via the transulfuration pathway and provide substrate for glutathione and taurine synthesis). Therefore, in low concentration of methionine, transsulfuration which leads to methionine catabolism (glutathione and taurine synthesis), will be fluxed down in favor of remethylation, through homocysteine, and methionine will be conserved. On the other hands, when dietary methionine intake increases, substrate flux through the transmethylation pathway descends, and flux through the transsulfuration pathway ascends. In this way, the synthesis of glutathione, taurine and the other metabolite due to methionine catabolism are increased which ultimately will improve the immune function.
In conclusion, methionie requirement for settable eggs was similar to those needed for the optimum immune responses. Since, settable eggs are an important factor in broiler breeder industries, so the authors recommend 494 mg/d methionine for broiler breeder hens. This amount is higher than those needed for EM and FCR.
